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The ability of the novel water-soluble provitamin E, a-
tocopherol-6-O-phosphate, to protect against ultravio-
let B-induced damage in cultured mouse skin was
investigated and compared with the protectiveness of
a-tocopherol acetate in cultured mouse skin. Pretreat-
ment of skin with 0.5% (9.4mM) a-tocopherol-6-O-
phosphate in medium for 3 h signi¢cantly prevented
such photodamage as sunburn cell formation, DNA de-
gradation, and lipid peroxidation, which were induced
in control cultured skin by a single dose of ultraviolet
B irradiation at 0 to 40 kJ perm2 (290^380 nm, maxi-
mum 312 nm). This protection was greater than that
seen with a-tocopherol acetate, the most common pro-
vitamin E that is used in commercial human skin care
products.The concentration of a-tocopherol in cultured
skin pretreated with 0.5% a-tocopherol-6-O-phosphate
rose to approximately two to three times that found in
the control skin and the reduction in cutaneous a-toco-
pherol that was induced by ultraviolet irradiation was
signi¢cantly inhibited. In the group pretreated with 0.5%
a-tocopherol acetate, however, conversion of a-toco-
pherol acetate to a-tocopherol was not observed,
although the level of provitamin incorporated into the
cultured skin was the same as that for a-tocopherol-
6-O-phosphate. These ¢ndings indicated that the
enhanced ability of a-tocopherol-6-O-phosphate to
protect against ultraviolet B-induced skin damage
compared with a-tocopherol acetate may have been
due to a-tocopherol-6-O-phosphate’s conversion to a-
tocopherol. Moreover, following pretreatment with a
0.5% a-tocopherol-6-O-phosphate, a-tocopherol-6-O-
phosphate was incorporated into the human skin in a
three-dimensional model and 5% of the incorporated
a-tocopherol-6-O-phosphate was converted to a-toco-
pherol.These results suggest that treatment with the no-
vel provitamin E, a-tocopherol-6-O-phosphate may be
useful in preventing ultraviolet-induced human skin da-
mage. Key words: DNA degradation/sunburn cell formation/
sunscreen/thiobarbituric acid reactive substances/ultraviolet B
irradiation/a-tocopherol acetate/a-tocopherol/a-tocopherol-6-
O-phosphate. J Invest Dermatol 121:406 ^411, 2003
T
he skin is the human body’s largest organ and com-
prises its outermost barrier. It is constantly being ex-
posed to environmental sources of reactive oxygen
species (ROS), such as ultraviolet (UV) rays, ozone,
halogenated hydrocarbons, and smoke. The relation-
ship between cutaneous oxidative damage induced by UV irra-
diation and ROS has been well documented. Furthermore,
much data suggest that ROS act as initiators of skin cancer (Fry
and Ley, 1989; Urbach, 1989) and photoaging (Dalle and Pathak,
1992; Emerit, 1992).
In vitro and in vivo experiments have shown that pretreatment
with a-tocopherol (a-Toc) inhibits UV radiation-induced skin
erythema (Fryer, 1993), sunburn cell formation (Trevithick et al,
1992), epidermal lipid peroxidation (Bissett et al, 1990; Kondo
et al, 1990), DNA single strand breaks (Sugiyama et al, 1992; Leh-
mann et al, 1998), tumorigenesis (Bissett et al, 1990), and immuno-
suppression (Gensler and Magdaleno, 1991), and that it prevents
DNA synthesis inhibition (Record et al, 1991). All of these post-
irradiation events are either directly or indirectly mediated by
ROS. Thus, pretreatment with a-Toc appears to be an e¡ective
means of preventing oxidative damage caused by UV irradiation.
a-Toc contains two aromatic rings that account for its ability
to absorb UVB wavelengths (McVean and Liebler, 1997). When
the absorption spectrum of a-Toc was determined in methanol,
maximum absorption was observed at approximately 295 nm,
and wavelengths in the UVB region (290^320 nm) were absorbed
more readily than those in the UVA region of the spectrum
(McVean and Liebler, 1997, 1999). Accordingly, the application of
a-Toc and its derivatives (including a-tocopherol acetate (a-TA))
inhibited cyclobutane pyrimidine dimer formation in epidermal
DNA of UVB-irradiated mouse skin. These authors hypothe-
sized that a-Toc, which absorbs strongly in the UVB range, may
therefore potentially act as a sunscreen by preventing DNA
photodamage, and that vitamin E might inhibit the speci¢c
photodamage that results in photocarcinogenesis.
a-Toc is practically insoluble in water and is readily oxidized by
atmospheric oxygen. Because of their high stability to oxidation,
the acetate and acid succinate esters of the vitamin are commonly
supplied for clinical use. The use of esters in cosmetic form re-
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quires the use of surfactants to wash o¡ with water. a-TA is solu-
bilized by large amounts of surfactant and it has been con¢rmed
that the hydrolysis of the acetate is the rate-limiting step in the
course of the bioavailability of a-Toc (Pedraz et al, 1989). More-
over, the use of surfactants generally induces toxicity such as
anaphylactic reaction (Alade et al, 1986). The development of a
water-soluble a-Toc is therefore necessary.
The aim of this study was to investigate whether a-tocopherol-
6-O-phosphate (a-TP), developed as a neutral, stable form of the
water-soluble novel a-Toc derivative, can protect cultured skin
from the damaging e¡ects of UVB and to determine how this
protection compared with the e¡ects of water-insoluble a-TA.
MATERIALS AND METHODS
Materials a-TP (see Fig 1A for its structure) was kindly supplied by the
Showa Denko Co. (Tokyo, Japan). d-Toc and a-TA were purchased from
Eizai Co., Ltd (Tokyo, Japan) and Sigma (St Louis, Missouri), respectively.
Animals Female hairless mice (SKH-hr1; Sankyo Laboservice Inc.,
Tokyo, Japan) were used in this study that were 5wk of age at the
beginning of the experiment, were used. The mice were housed under
standard conditions (£uorescent light 12 h per day, room temperature of
231C and a relative humidity of 45^55%) and were fed on a commercial
diet and water ad libitum. The protocols for all of the animal experiments
were approved by the Committee of the Ethics of Animal Experiments at
the Kyoritsu College of Pharmacy.
Culture Cultures of dorsal skin derived from hairless mice were used to
study the e¡ects of our various compounds in protecting skin tissues from
UVB-induced damage. A culture system rather than an intact, in vivo
approach was utilized because quantitative topical application in cutaneous
permeation experiments using intact animals is di⁄cult because the
animals tend to lick o¡ the test compound. Furthermore, sealing the test
compound to the skin under tape or by other means causes stress, the
e¡ects of which could in£uence our results. Skin cultures were set up
according to the method described by Nakayama et al (1999). Brie£y,
sterile lens paper was placed on two sheets of sterile nylon mesh with the
tail end of the paper immersed in liquid medium (2mL) in a plastic dish
(3.5 cm). Squares of skin (2 2 cm), collected under sterile conditions from
the backs of 5wk old female hairless mice, were placed on top of the lens
paper with the dermis facing the medium.
TESTSKIN LSE 003 (Living Skin Equivalent, TOYOBO Co., Osaka,
Japan), which was a three-dimensional model of human skin developed
for percutaneous absorption, was incubated in modi¢ed Bell et al, 1979)
medium. An assay-ring (silicon) was brie£y placed on the cultured skin.
Fifty microliters of 0.5% a-TP was added in the space and then was
incubated at 371C in a 5% CO2 atmosphere.
Administration of a-TP and a-TA Five milliliters of 0% to 2% a-TP
in distilled water was added to 15mL of Dulbecco’s modi¢ed Eagle
medium (phenol red free) containing 0.45% glucose (high-glucose) and
2% fetal bovine serum, adjusted to pH 7.0 and the solution were
sonicated for 10min. For a-TA pretreatment, 20 mL of a-TA was used,
dissolved in 75% dimethyl sulfoxide (DMSO) and added to 980 mL of
this medium. Fresh skin from the hairless mice was cultured as described
above, with its the epidermis facing 1mL of one of the above media
mixture containing one of the test compounds. After 3 h, the skin was
washed three times with phosphate-bu¡ered saline. The media mixture
was then replaced with phosphate-bu¡ered saline, and UVB irradiation
performed. After irradiation, the skin was placed back on to the lens
paper with its dermis facing the medium and was cultured for an
additional 24 h in a-TP-free or a-TA-free Dulbecco’s modi¢ed Eagle
medium containing 10% fetal bovine serum, 50U per mL of penicillin,
and 50mg streptomycin per mL, at 371C in a 5% CO2 atmosphere.
UVB irradiation The epidermal side of our cultured mouse skins was
irradiated with UVB at a mean range of 10 to 40 kJ perm2, using a DNA-
FIX apparatus (290^380 nm, maximum 312 nm, ATTO Co.,Tokyo, Japan).
The UVB lamp used in this experiment emitted at an e⁄ciency of 63.3%
in the 291 to 320 nm region and at an e⁄ciency of 36.7% in the 321 to
380 nm region (Fig 1B). Exposure time was between 3min (10 kJ perm2)
and 12min (40 kJ perm2), and no heat was detectable during irradiation.
Determination of a-Toc concentration in skin samples Skin
samples (100mg wet weight) were homogenized at 41C in 1mL of
200mM Tris^HCl bu¡er (pH 7.0) using a Polytron system (Kinematica
CH-1600, Littau-Lucerne, Switzerland). Two hundred microliters of
homogenate were transferred to a screw cap tube to which 200 mL of
10 nmol d-Toc per mL ethanol, 0.4mL of 5% pyrogallol in ethanol, and
0.3mL of concentrated HCl were added, and the solution mixed
vigorously for 30 s. The homogenates were extracted with 4mL of diethyl
ether, and were then centrifuged. The upper ether layer was collected and
dried using nitrogen gas and the residue was diluted with 500 mL of
methanol. After ¢ltration, 25mL of the mixture was applied to the high-
performance liquid chromatography (HPLC) column. The concentrations
of endogenous a-Toc and its provitamins were determined by HPLC using
a reverse-phase column (ODS Pack F-411, 5mm, 4.6150mm, Showa
Denko Co. Ltd, Tokyo, Japan). The HPLC was performed using a
Shimadzu HPLC system SCL-10A in combination with a Shimadzu UV/
VIS HPLC monitor (SPD-10A). A mobile phase of 93:6:1, v/v of methanol/
H2O/phosphoric acid, at a £ow rate of 1.5mL per min at room
temperature, was employed. The UV absorbance for a-Toc and its
provitamins was monitored at 295 nm and 285 nm, respectively.
Lipid peroxidation The skin samples were homogenized in 10 volumes
of 50mM phosphate bu¡er, pH 7.8 at 21C, using the Polytron
homogenizer. Lipid peroxidation in the mouse dorsal skin homogenates
was measured using a thiobarbituric acid reactive substances (TBARS)
assay (Kikugawa et al, 1992). The concentration of TBARS in the
homogenate was expressed as an amount of TBARS per mg protein.
Protein content of homogenates Homogenates were solubilized by
adding an equivalent volume of 0.1M NaOH. The protein content in the
homogenate was then measured using the method of Bradford (1976);
bovine plasma globulin was used as the standard.
Histochemical analysis of sunburn cell formation and DNA
degradation Cultured skins were ¢xed with 2.5% glutaraldehyde in
0.1M sodium phosphate bu¡er for 15 min. For microscopy, specimens
were dehydrated with ethanol and embedded in para⁄n and were then
stained with 1% hematoxylin and eosin. Photographs of these sections
were examined and counts made of the number of sunburn cells, which
were distinguished by their dense, dark-staining (darker than neighboring
keratinocytes), irregular nuclei in 0.2mm of epidermis at three sites along
the cultured skin. To detect DNA degradation, sections of skin were
depara⁄nized in xylene and ethanol, and were then rehydrated and
incubated with proteinase K (Sigma) to strip away nuclear proteins.
Figure1. (A) Structure of a-TP and absorbance of a-Toc (a), a-TP
(b), and a-TA (c) at a concentration of 500 lM in methanol (left
Y-axis) and the emission spectrum of the UVB-lamp (d; right Y-axis).
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Degraded DNA was detected using the terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end-labeling (TUNEL)
method (Gavrieli et al, 1992), which was modi¢ed so that terminal trans-
ferase directly incorporated £uorochrome-labeled deoxyuridine triphosphate
(TaKaRa Biomedicals, Tokyo). The TUNEL-stained skin samples were
visualized with a £uorescence microscope (Leica MPS60, Leica AG,
Heerbrug, Switzerland) and photomicrographs taken. The number
of sunburn cells was expressed as a percentage of the total number of
keratinocytes in 0.2mm of epidermis.
Statistics Data are expressed as the mean7SD Statistical analyses were
performed using the one-way analysis of variance (ANOVA), followed by
the Bonferroni t tests. Di¡erences of po0.05 were considered to be
statistically signi¢cant.
RESULTS
UV spectra of a-TP and a-TA The absorbance spectra of
equimolar concentrations of a-Toc, a-TP, and a-TA in methanol
are shown in Fig 1(a). Derivatives, a-TP and a-TAwere found to
have less total absorbance within the UV range used in this
experiment than did a-Toc. Both of their absorbance maxima
(287 nm) were at a lower wavelength, and their molar
absorptions were less, than for a-Toc (292 nm) (Fig 1B).
Protective e¡ects of a-TP and a-TA on UVB-induced skin
damage The concentration of TBARS, an indicator of lipid
peroxidation, in the cultured skin exposed to UVB increased
in a time-dependent (Fig 2A) and concentration-dependent
(Fig 2B) fashions. This increase was signi¢cantly reduced in
a-TP-pretreated skin; the inhibition ratio reached 0.64 following
24 h of exposure to UVB at 40 kJ perm2. In the a-TA-pretreated
skin, the inhibition ratio was 0.35, indicating that a-TA treatment
had less of an ability to inhibit peroxidation than did a-TP. A 3 h
pretreatment with DMSO had no e¡ect on the generation of
TBARS induced by UVB exposure or on their inhibition with
provitamin.
Destruction of the stratum corneum and the formation of
epidermal cells with dwarfed nuclei were observed in sections
of hematoxylin and eosin-stained control skin that had been
cultured for 24 h. Cultured skin irradiated with UVB at
20 kJ perm2 displayed many pyknotic and denucleated
epidermal cells indicative of sunburn cells (Fig 3A). There was
an appreciable reduction in the appearance of sunburn cells
caused by irradiation in cultured skin pretreated with a-TP
or a-TA for 3 h. In the a-TA-pretreated skin, however,
the reduction was smaller than it was in the a-TP-pretreated skin.
Examination of DNA degradation using the TUNEL assay
(Fig 3B) revealed several lightly £uorescence-labeled nuclei in the
epidermal cells of control, cultured skin. In the UVB-irradiated
skin,TUNEL-positive nuclei were clearly observed suggesting that
such treatment had caused DNA strand breaks. In the cultured skin
pretreated with a-TP for 3 h, the number of epidermal cells with
£uorescence-labeled nuclei was reduced, suggesting that this
compound inhibited of endogenous enzymatic degradation of
DNA. In the a-TA-pretreated skin, however, the number of
TUNEL-positive cells was more numerous than that seen in a-TP-
pretreated skin.
To quantify the above results, the number of sunburn cells in the
above-mentioned photomicrographs was expressed as a percentage of
the total number of epidermal cells in 0.2mm of epidermis (Fig 4).
In control skin incubated for 24h, sunburn cell formation was
observed in approximately 20% of cells. This number increased
after UVB irradiation in a concentration-dependent manner,
reaching approximately 90% in skin that was UVB irradiated at
40 kJperm2. In both skin pretreated with a-TP and a-TA for 3h,
this increase in sunburn cell formation was signi¢cantly inhibited
(at 10 kJperm2 of UVB exposure, the inhibition ratios were 0.5
and 0.3, respectively). At 20 to 40 kJperm2, there was no signi¢cant
di¡erence in the inhibition ratio between a-TA treated and untreated
skins. The DMSO in the a-TA-containing media had no e¡ect on
sunburn cell formation or DNA fragmentation.
Protective e¡ects of a-TP and a-TA pretreatment on
reduction in cutaneous a-Toc concentration induced by
UV irradiation When the cultured skin was incubated in
Dulbecco’s modi¢ed Eagle medium containing high glucose and
2% fetal bovine serum, its endogenous a-Toc concentration
gradually decreased, falling to 82% of that seen in nonincubated
normal skin after a 0.5 h incubation and 55% after 24 h (Fig 5).
Addition of 0.5% a-TP to the medium not only inhibited this
endogenous a-Toc reduction, but also resulted in an increase in
Figure 2. The e¡ect of a-TP and a-TA pretreatments on TBARS
generation by UVB-irradiation. (A) Time course of TBARS generation
after UVB-irradiation. Dorsal skins incubated in medium without DMSO
(&) or DMSO for 3 h were exposed to UVB irradiation at a dose of
10 kJ perm2 ():^DMSO;J: þDMSO). At 0 to 24 h after the exposure,
lipid peroxidation in the skin homogenates was measured byTBARS assay.
(B) Dose^response of TBARS generation by UVB exposure. Fresh mouse
skin was cultured for 3 h in the 0.5% a-TP or a-TA containing media. The
tissues were then washed with phosphate-bu¡ered saline and UVB irradia-
tion was performed. After 24 h of exposure, TBARS were determined in
the dorsal homogenates. &, nontreated skin cultured in media with
DMSO; J, nontreated skin cultured in media without DMSO; ’, a-
TA-treated skin cultured in media with DMSO; , a-TP-treated skin cul-
tured in media without DMSO. Each bar represents the mean7SD of 10
skin samples from ¢ve mice. #po0.05 and ##po0.01 relative to non-
treated skin cultured in media with DMSO. npo0.05 and nnpo0.01 rela-
tive to nontreated skin cultured in media without DMSO.
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a-Toc level to twice that seen in untreated skin cultured even 24 h
after incubation. After 3 h of treatment, it was estimated that
approximately 2% of the added 0.5% a-TP was incorporated
into the skin and that 10% of the a-TP was detected as a-Toc.
An increase in a-Toc, however, was barely observed in the a-
TA-treated cultured skin, although 2.2% of the added 0.5% a-
TAwas incorporated into the skin (data not shown).
Thirty minutes after exposure to 20 kJ perm2 of UVB, the
endogenous a-Toc concentration in the cultured skin was
signi¢cantly reduced (by 50%) compared with nonexposed skin
(Fig 5). This reduction was signi¢cantly inhibited in skin in
which pretreatment with a-TP for 3 h induced a 2-fold rise in the
a-Toc level. The a-Toc concentration (1272 nmol per g wet
weight) in this skin was twice that seen in normal skin
(4.970.5 nmol per g wet weight) and these levels were
maintained even 24 h after irradiation. Thirty minutes after
UVB exposure at 20 kJ perm2, however, the a-Toc reduction
was not inhibited by pretreatment with a-TA. In contrast, 24 h
after irradiation, the a-Toc level increased by 2-fold, but there
Figure 3. Photomicrographs of cultured
mouse skin stained with 1% hematoxylin
and eosin (A), and by the TUNEL meth-
od (B), 24 h after UVB irradiation at
20 kJ per m2. m, sunburn cells, n, TU-
NEL-positive nuclei.
Figure 4. E¡ects of a-TP and a-TA pretreatment on sunburn cell
formation induced by UVB exposure. Twenty-four hours after UVB
exposure, the number of sunburn cells was counted in 0.2mm of epidermis
at three sites along the cultured skin.These cells were characterized by their
dense, irregular nuclei that were darker than the nuclei of neighboring
keratinocytes. &, nontreated skin cultured in media with DMSO; J,
nontreated skin cultured in media without DMSO; ’, a-TA-treated skin
cultured in media with DMSO; , a-TP-treated skin cultured in media
without DMSO. Each bar represents the mean7SD of 10 skin samples
from ¢ve mice. #po0.05 relative to nontreated skin cultured in media
with DMSO. nnpo0.01 relative to nontreated skin in media without
DMSO.
Figure 5. E¡ects of a-TP and a-TA pretreatment on the reduction in
the concentration of a-Toc induced by UVB irradiation. Fresh mouse
skin was cultured for 3 h in media containing either 0.5% a-TP or a-TA
containing media. The tissues were then washed with phosphate-bu¡ered
saline and UVB irradiation was performed. The amount of a-Toc was de-
termined by HPLC using a reverse-phase column 30min and 24 h later.
Each bar represents the mean7SD of 10 skin samples from ¢ve mice.
##po0.01 relative to nontreated, nonirradiated cultured skin. nnpo0.01
relative to nontreated, irradiated cultured skin.
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was no signi¢cant di¡erence in the a-Toc concentration between
irradiated and nonirradiated skins.
Ester hydrolysis of a-TP and dephosphorylation of a-Toc in
mouse skin homogenates To investigate the conversion from
provitamin to a-Toc, mouse skin homogenates were separately
incubated with a-TP or a-TA for 0 to 120min at 371C. In the
homogenate to which a-TP was added, the a-Toc concentration
increased by 26-fold; in contrast, in the homogenate to which a-
TAwas added, the a-Toc concentration increased by only 3-fold.
These results suggested that the a-TP was hydrolyzed by
phosphatase and converted to a-Toc in the mouse skin, but that
a-TAwas not.
Incorporation and conversion to a-Toc of a-TP in human
cultured model skin In the human three-dimensional model
skin, 0.5% a-TP (9.4mM) was incorporated into skin samples in
proportion to its concentration and after 6 h of treatment, reached
a level of 18 nmol per mg protein. Approximately 4% of the
incorporated a-TP was converted to a-Toc.
DISCUSSION
Our results showed that approximately 2% (188721nmol per g
wet weight of skin) of a 0.5% a-TP became incorporated into
cultured mouse skins after a 3 h incubation, and that approxi-
mately 10% (2174 nmol per g wet weight of skin) of the a-TP
was converted to a-Toc. Conversion of a-TA to a-Toc, however,
did not occur even though the amount of incorporated a-TAwas
twice (167725 nmol per g wet weight of skin) that of a-TP.
These data suggest that the ability of a-TP pretreatment to pro-
tect against UVB-induced skin damage might be due to its con-
version to a-Toc.
Treatment with a-TA, a stable form of a-Toc, has also been
reported to provide protection against skin damage caused by
UV irradiation (Norkus et al, 1993; Berton et al, 1998). Topical ap-
plication of 1% a-Toc and 10% a-TA, followed by irradiation,
was reported to inhibit pyrimidine dimer formation induced by
UVwavelengths higher than 285 nm (McVean and Liebler, 1997).
The high dose used in that study makes it likely that the DNA
photoprotection was due to UVB absorption, resulting in a re-
duced dose of UVB that reached the DNA. On the other hand,
Steenvoorden and Henegouwen (1999) demonstrated that a single
topical application of a-Toc at doses of 2.5 to 10 nmol perm2,
which are found in normal epidermis could protect against
UVB-induced immune system suppression. UVB absorption by
the lowest of these doses, however, did not play a part in mediat-
ing this protection. Therefore, the low doses of a-TP, a-TA, and
a-Toc in our experiment might not represent workable sunscreen
additives that are capable of preventing photodamage.
a-Toc has been shown to reduce UVB-mediated skin damage
(Jurkiewicz et al, 1995) and UVA-mediated skin damage (Clem-
ent-Lacroix et al, 1996), which is believed to be mediated by
ROS. As the UVB lamp used in our experiment emitted in the
310 to 380 nm UV wavelength regionsa range that is not ab-
sorbed by a-TP, a-TA, or a-Tocit induced the generation of
ROS and skin damage as assessed by lipid peroxidation. Our re-
sults suggested that there was a relationship between reduced, cu-
taneous a-Toc levels in irradiated skin and irradiation-induced
lipid peroxidation. The assumption is that UVB induced the for-
mation of the anti-oxidative 6-OH residue within a-TP as a re-
sult of dephosphorylation by acid phosphatase in the skin cells
that then functioned as a ROS scavenger.
Many instances of UV-induced apoptosis, in the form of sun-
burn cell formation, have been reported in vivo (Young, 1987).
Godar et al (1994) also reported in an in vitro experiment that equi-
lethal doses of irradiation from each of the UV wavelength re-
gions, i.e., UVA, UVB, and UVC, induced apoptosis rather than
necrosis. ROS induced by exposure to solar UV radiation con-
taining UVA and UVB was shown to increase p53 in human skin
¢broblasts and that this increase was inhibited by a-Toc (Vile,
1997). As P53 is a mediator of growth arrest and apoptosis, a-
Toc might prevent apoptotic cell death by scavenging of ROS.
In our experiment, UVB irradiation induced apoptotic cell death
was signi¢cantly inhibited by a-TP-derived a-Toc.
In the a-TA-pretreated skin, the amount of a-Toc increased
after 24 h of irradiation up to a concentration that was twice that
present in the a-TA-treated, nonirradiated skin, in spite of falling
to a half at 30min (Fig 5). Kramer-Stickland and Liebler (1998),
using a sensitive gas chromatography^mass spectrometry, demon-
strated that a-TA was hydrolyzed to a-Toc in mouse skin, and
that prior UVB exposure increased the hydrolysis of a-TA by in-
creasing epidermal nonspeci¢c esterase activity. Thus, it is as-
sumed that the increase in a-Toc in the mouse skin pretreated
with a-TA might be due to hydrolysis by nonspeci¢c esterase ac-
tivated by UVB exposure. Furthermore, the amount of a-Toc in-
creased up to 25-fold in the homogenates to which a-TP was
added, in a time-dependent manner, but not in the homogenates
to which a-TAwas added, indicating that the hydrolysis of a-TA
to a-Toc occurred only marginally in mouse skin (Fig 6). This
lower conversion level of a-TA to a-Toc compared with a-TP
might be due to di¡erences in activity of acid phosphatase and
nonspeci¢c esterases in the mouse skins.
In the a-TP-pretreated human cultured skin model, incorpora-
tion of the provitamin E occurred and the amount of a-Toc in-
creased after 6 h (Fig 7). This model was constructed in modi¢ed
Bell’s medium (Bell et al, 1979). The skin contained lipid composi-
tions, glyceride and ceramide, and displayed regular lamellar lipid
bilayers comparable with that seen in native skin (Ishibashi, 1999).
Thus, our results using this model suggest that a-TP might pene-
trate into human intact skin; in vivo studies are ongoing to inves-
tigate this further.
Figure 6. Dephosphorylation of a-TP and ester hydrolysis of a-TA in
mouse skin homogenates. Skin from hairless mice was homogenized in
HEPES bu¡er, at pH 7.2 (100mg skin per mL). The homogenates were in-
cubated with 1mM a-TP () or a-TA (’) for 1 to 120min and their con-
centration of a-Toc was then determined by HPLC. The results shown
represent the mean of two experiments.
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In conclusion, our results showed that pretreatment of cultured
mouse skin with a-TP, a water-soluble and stable novel provita-
min E, provided signi¢cant protection against UVB-induced
skin damage characterized by reduced lipid peroxidation, sun-
burn cell formation, and DNA degradation. The ability of a-TP
to protect against UVB-induced damage was greater than that
seen with a-TA, a compound that was developed as a stable form
of a-Toc and that is used as a provitamin E.
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Figure 7. Incorporation of a-TP and its conversion to a-Toc in the
human cultured skin model.The skin was cultured for 2 or 6 h in media
containing 0.5% a-TP. The amount of a-Toc was determined by HPLC
using a reverse-phase column. The results shown represent the mean of
two experiments. In the present experiment, little amount of a-Toc was
detected in nontreated, control human cultured skin. Each bar represents
the mean7SD of two skin samples.
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